Polarized neutron reflectometry ͑PNR͒ has been used to investigate the magnetic interlayer coupling in a MBE-grown Fe/Si/Fe͑001͒ sandwich at room temperature and at 10 K. Both the magnitude and orientation of the magnetic moments of the Fe layers are obtained from a rigorous analysis of the PNR data. Orthogonal configurations of the Fe magnetizations were observed, providing unambiguous evidence for the presence of a biquadratic term in the exchange coupling energy. The competition between the bilinear and biquadratic exchange couplings results in distinct orthogonal and antiparallel configurations of the Fe magnetizations at room temperature. A previously unresolved magnetic configuration in the room-temperature hysteresis curve was identified by the PNR measurements as a 180°spin-flop transition. The dominant role of the biquadratic coupling at low temperatures is evident from the orthogonal configuration of the magnetizations at remanence in the measurements at Tϭ10 K. The magnetic configurations deduced by PNR are in good agreement with those obtained by fitting the magnetic hysteresis loops using a global energy minimum calculation.
I. INTRODUCTION
The interlayer exchange coupling between ferromagnetic layers across nonferromagnetic spacers has been a topic of enormous interest in the past years. Its presence along with the crystalline magnetic anisotropies and external magnetic fields can lead to interesting arrangements of the magnetization directions of the individual layers.
1,2 These arrangements can be experimentally determined using polarized neutron reflectometry ͑PNR͒ [3] [4] [5] [6] with polarization analysis or, in a somewhat less direct way, by analyzing magnetization loops. [7] [8] [9] [10] The interlayer exchange coupling energy per unit surface area is generally written as E ex ϭϪJ 1 cos(⌬)ϪJ 2 cos 2 (⌬), where J 1 and J 2 are the bilinear and biquadratic coupling coefficients, respectively, and ⌬ is the relative angle between the magnetizations of the ferromagnetic layers. Typically, the Heisenberg-like bilinear coupling (J 1 ) shows an oscillatory dependence on the interlayer thickness. The origin of this oscillatory behavior can be found in the detailed topology of the spacer Fermi surface. The biquadratic coupling contribution (J 2 ) is recognized to depend strongly on the thickness, composition, and structure of the interlayer. Its origin is attributed to extrinsic factors such as fluctuations in the interlayer thickness 11, 12 or superparamagnetic impurities in the spacer layer ͑''loose spins''͒. 8, 13, 14 An overview of these mechanisms can be found in Ref. 15 .
One system of particular recent interest is that of ferromagnetic Fe layers nominally separated by a semiconducting Si layer. The Fe/Si system is well suited for fundamental studies of the antiferromagnetic exchange coupling between two magnetic layers, but it is also interesting because of its application in neutron beam optics. 16 The bilinear and biquadratic interlayer exchange in Fe/Si and their temperature dependence have been intensively studied by several groups and were shown to depend strongly on the properties of the iron silicide that is formed by intermixing at the Fe/Si interfaces during growth. 5, 10, [17] [18] [19] [20] [21] [22] In contrast to the oscillatory nature common in metallic systems, a strong antiferromagnetic coupling (J 1 Ͻ0) was found in MBE-deposited Fe/ Si/Fe trilayers, with J 1 exponentially decreasing for increasing spacer thickness. 23 An additional biquadratic contribution to the exchange coupling was also identified by a detailed analysis of magneto-optical Kerr effect ͑MOKE͒ measurements. From the distinct temperature and exponential thickness dependence of the derived coupling parameters J 1 and J 2 , the exchange coupling was identified to be originated from ''loose spins'' in the during the deposition formed crystalline iron-silicide spacer layer. 7, 8, 20 Although the interlayer exchange in single-crystalline Fe/ Si/Fe͑001͒ sandwiches has been determined by a hysteresis loop analysis, no direct observation of the microscopic spin orientations was obtained. Furthermore, it was recently recognized that fluctuations of the bilinear coupling due to fluctuations in the interlayer thickness both in-plane and throughout a multilayer stacking may mimic biquadraticlike behavior in the magnetization curves. 6 In the present work, we combine information obtained from PNR, grazing incidence x-ray reflection ͑GIXR͒ and MOKE to give a detailed description of the magnetization configurations in exchange coupled Fe/Si/Fe͑001͒. The particular advantage of PNR is that it gives vectorial information about the magnetization ͑both magnitude and orientation͒ of each layer, and hence the relative angle between the magnetizations can be determined.
The layout of the paper is as follows. Section II describes the sample preparation and the experimental methods used in this work. In Sec. III the structure of the sandwich is determined by GIXR. The magnetic characterization of the sandwich is presented and discussed in Sec. IV, with Sec. IV A focussing on MOKE results and Sec. IV B focussing on PNR experiments. Finally, conclusions are presented in Sec. V.
II. EXPERIMENTAL METHODS
The Fe/Si/Fe sandwich was grown at the Eindhoven University on a Ge͑001͒ substrate in a molecular-beam epitaxy ͑MBE͒ system ͑VG-Semicon V80M͒ with a base pressure of 2ϫ10 Ϫ11 mbar. Prior to deposition of the layers, the Ge͑001͒ substrate was cleaned by several Ar ϩ sputter and anneal treatments until a sharp (2ϫ1)-LEED pattern was observed. The Fe layers were deposited by an e-gun source with feedback control of the flux, whereas the Si was evaporated from a temperature-stabilized effusion cell. All nominal layer thicknesses were controlled by calibrated quartz-crystal monitors. After addition of a Si capping layer to avoid oxidation, the final nominal composition of the sandwich was as follows: Ge(001)/60 Å Fe/14 Å Si/45 Å Fe/40 Å Si. The nominal Si thickness of 14 Å was chosen to have a welldefined bilinear and biquadratic coupling as found earlier in identical samples. 7, 8 More detailed information about the growth dynamics, the structural quality and the Fe/Si interdiffusion can be found in Ref. 20 .
In the present study, additional structural information was gained from GIXR data accurately taken at room temperature. A standard Ϫ2 reflectometer ͑Philips XЈPert system͒ with a wavelength of ϭ1.542 Å (CuK ␣ ,Eϭ8.05 keV) was used. The reflection angle was varied between ϭ0.5°and 5°, resulting in a wave vector transfer range of Qϭ4sin()/ϭ0.07Ϫ0.7 Å Ϫ1 . The slits that define the beam size also determine the angular divergence of ⌬ Ϸ0.05°, resulting in an instrumental resolution of ⌬QϷ3 ϫ10 Ϫ3 Å Ϫ1 . For the magnetic characterization, MOKE and PNR experiments were performed at room temperature and at T ϭ10 K. The longitudinal MOKE hysteresis loops were obtained using an incident laser beam spot size of the order of 0.1 mm. The PNR experiments were carried out at CRISP, the time-of-flight reflectometer at the ISIS spallation source, with an available wavelength range of ϭ2Ϫ6.5 Å for polarized neutrons. 24, 25 The experimental settings for the fixed glancing angle of incidence and for the size of the beam slits combined to an effective instrumental resolution of ⌬Q/Q Ϸ0.10. FeCoV/TiN x super-mirrors and Drabkin spinflippers were used to define the incident beam polarization and perform the analysis of the reflected beam polarization. Additionally, small guide fields were present along the flight path of the polarized neutron beam to avoid depolarization effects.
III. STRUCTURE CHARACTERIZATION
The x-ray data taken at room temperature are plotted in Fig. 1 . Reflectivity calculations using a standard matrix element formalism 26, 27 are fitted to the experimental data. The sandwich is partitioned into four slabs, corresponding to the four deposited layers. The solutions of the electromagnetic wave equation inside the slabs are represented by matrices that depend on the thickness t and the refractive index n of each slab and on the wave vector k inside each slab. The index of refraction n of a material consisting of different elements i is given by
where r 0 is the classical electron radius, and N i and f i are the atom number density and scattering factor of each element. The scattering factor consists of a real part representing the coherent scattering of the x rays and an imaginary part representing the absorption of the x rays. Thus Eq. ͑1͒ is commonly written as
nϭ1Ϫ␦Ϫi␤, ͑2͒
with the dispersion ␦ϭRe͓(r 0
From the sequence of all layer matrices, the reflectivity of the sample is calculated as a function of the wave vector transfer Qϭ4sin()/, where is the grazing angle of incidence. The effect of interdiffusion between two deposited layers is incorporated by analytical expressions that describe the continuous change in the refractive index between two layers by an error-function profile. 28 The r.m.s. surface roughness parameter quantifies the width of the error function. All the calculated spectra were convoluted with the appropriate resolution function.
The fitting parameters in the data analysis are the thickness t, the dispersion ␦, and the r.m.s. surface roughness for each slab in the model. The absorption parameter ␤ was taken from literature 29 because the absorption of x rays in the sandwich does not play an important role in the reflectivity calculations. The discrepancy between the model calculations and the experimental data is quantified by
where
and R C ( j) and R M ( j) are the calculated and measured reflectivities at reflection angle ( j). Minimization of Eq. ͑3͒ was performed in two separate steps. First, a genetic algorithm ͑GA͒ was used to obtain a global minimum of E. Genetic algorithms have the distinct advantage of significantly reducing the chance of hitting a local minimum and have been successfully used to analyze GIXR data in the past. 30, 31 Subsequent minimization by a hill-climbing algorithm ͑HC͒ refines the parameter values and an absolute minimum of E is reached. The fitted model calculations are shown as a solid line in Fig. 1 . In the inset of the figure the depth-profile of the dispersion parameter ␦ that resulted from the fitting procedure, is depicted. The values of ⌬R/R C demonstrate that the fit is in excellent agreement with the experimental data over the available experimental wave vector range. Table I gives the values of the refined model parameters t,␦, and . The fitted thicknesses of both Fe layers correspond well with their nominal values and their dispersion values are also close to the bulk value of ␦ Fe ϭ22.5ϫ10 Ϫ6 . The increased thickness of the Si capping layer can be attributed to oxidation of the sample surface. The dispersion value of the Si interlayer clearly differs from that expected for bulk Si (␦ Si ϭ7.6ϫ10 Ϫ6 ). The fitted value of ␦ϭ16.8ϫ10
Ϫ6 is close to that of FeSi (␦ FeSi ϭ18.3ϫ10 Ϫ6 ), and thus a clear indication of iron-silicide formation in the spacer layer. The reduced value of the fitted apparent interlayer thickness and a value as large as the spacer thickness are additional signatures of a completely interdiffused, e.g., iron-silicide spacer. A more detailed study of the formation of the iron-silicide interlayers in Fe/Si/Fe͑001͒ using LEED, AES, and Möss-bauer spectroscopy was already presented in Ref. 20 . But the GIXR data supply additional information: When the reflectivity calculations were fitted to the experimental data under the assumption that the Fe/Si interface width was equal to the Si/Fe interface width, the model calculations showed large discrepancies with the experimental data. When separate interface widths were used in the fit, this discrepancy disappeared, resulting in the profile shown in the inset of Fig.  1 . Such an asymmetry in the width of the intermixing regions has been previously reported for metal/Si multilayers. Figure 2 shows a room-temperature longitudinal MOKE loop with the applied field H along the ͓100͔ easy axis. For clarity, only the branch of the down-field sweep is plotted. The magnetization loop can be excellently fitted using global energy minimum calculations of the total relevant magnetic energy which is composed of the cubic magnetocrystalline energy, the Zeeman energy, and bilinear and biquadratic exchange energy contributions. 8 The result of the analysis is the following: As the magnetic field decreases from saturation towards remanence, three distinct regions separated by sudden jumps can be identified. The first plateau where H Ͼ17 kA/m corresponds to a saturated magnetic state with parallel orientations of the two layer magnetizations. For 10 kA/mϽHϽ17 kA/m, the magnetization of the 60 Å layer is oriented parallel to the applied field and the magnetization of the 45 Å layer is oriented perpendicular to it, indicating the presence of a distinct biquadratic contribution to the interlayer coupling. The plateau between HϭϪ4 kA/m and Hϭ10 kA/m, which includes the remanent state, is expected to have an antiparallel orientation of the magnetic moments due to the strong bilinear AF coupling. Increasing the negative field, regions with antiparallel, perpendicular and parallel configurations are again identified. An additional magnetic configuration is recognized for Ϫ7 kA/mϽHϽϪ4 kA/m in the MOKE measurement, but its magnetization configurations could not be identified up to now by the simple simulation analysis.
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IV. MAGNETIC CHARACTERIZATION
A. MOKE experiments
The magnetization behavior at low temperature is quite different from that at room temperature. The down-field magnetization loop of Fe/Si/Fe͑001͒ at Tϭ10 K is shown in Fig. 3 . The plateaus observed in the room-temperature hysteresis curve are missing at low temperature. From the analysis of the hysteresis loop by global energy minimum calculations of the total magnetic energy, the magnetization reversal process is found to be a coherent rotation of the magnetic moments and the large remanent magnetization is an indication of 90°alignment of the magnetizations of the ferromagnetic layers at zero applied field.
B. Polarized neutron reflectometry
PNR experiments are carried out to directly confirm the presence of bilinear and biquadratic exchange coupling in the Fe/Si/Fe͑001͒ sandwich and obtain more detailed information about the magnetization reversal processes. PNR with polarization analysis of the reflected beam is unique in its ability to extract a vectorial magnetization profile 33, 34 and has been used successfully in studies of the magnetic interlayer coupling in, for instance, Fe/Cr multilayers. 3, 35 At room temperature, first a saturation field of H ϭ250 kA/m was applied along the in-plane ͓100͔ easy axis of the Fe/Si/Fe͑001͒ sandwich. Subsequently, the applied field was reduced in steps and PNR ''snap shots'' were taken at the field values marked in the hysteresis loop of Fig. 2 
. In all PNR experiments we measured the four detector intensities I(↑↑), I(↓↓), I(↑↓), and I(↓↑)
, where the first arrow between parentheses marks the direction of the incident beam polarization and the second arrow marks the direction of polarization analysis of the reflected beam. The polarization directions are either parallel (↑) or antiparallel (↓) with respect to the applied field direction. The detector intensities are normalized to the incident beam intensity and corrected for the illuminated sample area. Finally, the experimental data were corrected for the efficiencies of the polarizing elements using procedures described elsewhere 36 
to obtain the reflectivities R(↑↑), R(↓↓), R(↑↓), and R(↓↑).
All data points that were negative or had absolute values smaller than their estimated statistical uncertainties were excluded in the plots.
The reflectivity curves in Fig. 4 were taken at room temperature with an applied field of Hϭ30 kA/m. The (↑↓) and (↓↑) spin-flipped reflectivities are effectively equal to background levels. The large splitting between the (↑↑) and (↓↓) non-spin-flipped curves is indicative for a large net magnetization component along the applied field direction. A large net magnetization, together with the absence of any spinflipped reflectivities, confirms the expectation that the sandwich is saturated with the magnetizations of the 45 Å layer and the 60 Å layer oriented parallel to the applied field direction. For an applied field of Hϭ12 kA/m, high intensity spin-flipped signals are measured ͑not shown͒. These spinflipped intensities are related to components of the magnetization perpendicular to the applied field direction and vanish only if such components are not present. Perpendicular components of the magnetizations indicate the presence of a biquadratic contribution to the interlayer coupling. Measurements at Hϭ2.5 kA/m, close to the remanent situation, show only a small splitting between non-spin-flipped reflectivity curves, indicating a small net magnetization. Together with the absence of any spin-flip scattering, this confirms a fully antiferromagnetic configuration, showing the dominance of bilinear coupling at room temperature. The last snapshot was taken at HϭϪ7.4 kA/m and the PNR spectra for this field setting are shown in Fig. 5 . Again high intensity spin-flipped signals are measured and the Fe magnetizations have components perpendicular to the applied field direction.
The exact magnetic configurations can be obtained by fitting PNR simulations to the experimental data. Analogous to the case of x rays ͓Eq. ͑1͔͒, the index of refraction n for neutrons incident on a material consisting of elements i can be written as 
where b i is the bound coherent nuclear scattering length and p i ϭC i is the magnetic scattering length, with Cϭ0.2695 ϫ10 Ϫ4 Å/ B and i is the net magnetic moment per scatterer in units of Bohr magnetons. N i b i and N i p i are commonly referred to as the nuclear and magnetic scattering length densities ͑SLD͒ of element i. In general, b i is a complex quantity with a real and imaginary part respectively representing the scattering and the absorption of neutrons. The Ϯ sign in Eq. ͑4͒ refers to the incident polarization of the neutrons, either parallel ͑ϩ͒ or antiparallel (Ϫ) to the applied field direction.
The nuclear density profile and vector magnetization profile of the Ge͑001͒/Fe/Si/Fe/Si sample are approximated by a four-slab model, with each slab representing a deposited layer. The solutions of the particle wave equations in these slabs are implemented in a matrix formalism that calculates the spin-dependent neutron reflectivities of magnetically noncollinear media as a function of the neutron wave vector transfer Qϭ4sin()/. 37 The influence of absorption ͑imaginary part of b i ) on calculations of the reflectivity is negligible in the wave vector range used in the present PNR experiments. To our knowledge, no analytical expressions exist that describe the influence of both the nuclear and the magnetic roughness of noncollinear systems on PNR simulations in a similar way as the expressions derived by Névot and Croce for GIXR. 28 To incorporate the effect of interdiffusion at interfaces, additional slabs were added at the interface positions to describe gradual changes in the nuclear density and in the magnetization vector. It turns out that the effect of interdiffusion on the neutron reflectivity calculations is negligible in the experimentally available neutron wave vector transfer range.
The model calculations are fitted to the experimental data by minimization ͑GA followed by HC͒ of
where ⌬R( j) is the difference between calculated and measured reflectivity for neutrons of wavelength ( j) and U R ( j) is the statistical uncertainty in the measured reflectivity. The parameters that were refined are the nuclear scattering length density Nbϭ ͚ i N i b i in each layer, and the size ͑M͒ and orientation () of the magnetization in both Fe layers. The nuclear scattering length density profile at the start of the fitting procedure was obtained from the GIXR results presented in Sec. III. The experimental data at high Q are not of sufficient quality to resolve details in the nuclear and magnetic SLD profiles, making the fit procedure rather insensitive to small changes in the SLD profiles. The number of fitting parameters could be reduced by setting the values of Nb and M to the same value for both Fe layers, without affecting the overall quality of the fit. The fit procedure is much more sensitive to changes in the orientations of the Fe magnetizations. Such changes affect the reflectivity over the entire Q range and change the relative contributions of the spin-non-flipped and spin-flipped signals. Model calculations were fitted simultaneously to all the room-temperature experimental data by using a common nuclear SLD profile in all model calculations. In this way, the influence of systematical errors in separate data-sets on the fitting procedure is reduced. Furthermore, instead of fitting the spin-asymmetry function that is defined in Ref.
37, we fit model calculations to all four reflectivities R(↑↑), R(↓↓), R(↑↓), and R(↓↑).
Fitting all spin-dependent reflectivity curves simultaneously is in general a more sensitive procedure than fitting only the spin asymmetry function. It was impossible to obtain good fits to the experimental data with a single-domain configuration ͑i.e., the magnetization M in each Fe layer is that of the magnetization at saturation M S ). A good fit could be obtained only with a systematic reduction of the fitted size of the magnetization at lower fields, with M /M S dropping to 0.88 at the near-remanent state. This can be explained by the formation of a multidomain state at low fields, where the neutrons coherently probe the averaged magnetization due to their in-plane coherence length of the order of 100 m. A similar reduction in magnetization at low field was found when PNR experiments on Fe/Cr/Fe sandwiches were analyzed, although the reduction is more pronounced in Fe/Cr/Fe. 4 The stronger reduction re- After the introduction of a reduced magnetization of the Fe layers at low applied fields, the fitted model calculations are in good agreement with the experimental data. . Although these PNR results generally confirm the interpretation of the x-ray data, a higher transversal resolution of the nuclear density profile was obtained by GIXR due to the higher maximum momentum transfer and the better overall quality of the x-ray data.
The refined values of the size and the orientations of the Fe magnetizations are given in Table II , with the corresponding magnetic configurations shown in the insets of Fig. 2 . The configuration for Hϭ12 kA/m clearly proves the presence of a 90°coupling between both Fe layers. The dominance of the bilinear coupling at room temperature is concluded from the 180°coupling near remanence. An additional magnetic state was recognized in the roomtemperature hysteresis loop for Ϫ7 kA/mϽHϽϪ4 kA/m, which configuration could previously not be deduced from analyzing the MOKE data. The PNR results show that this field region corresponds with a spin-flop transition from antiparallel coupled Fe layers oriented parallel to the applied field, to antiparallel coupled Fe layers oriented perpendicular to the applied field.
The room-temperature MOKE signal for a specific magnetic configuration can be estimated from the PNR experiments. The normalized longitudinal Kerr rotation is proportional to the net magnetization component along the applied field direction and may be written as PNR experiments at low temperature were carried out with the sample mounted in a helium flow cryostat between the poles of an electromagnet. Experiments were performed at applied fields corresponding to the positions marked in the hysteresis loop of Fig. 3 . Model calculations were fitted to the experimental data and a good agreement was obtained. The data analysis of the experiments at Tϭ10 K was performed separately from the data analysis of the room temperature experiments to reduce the time needed by the fitting algorithm. A recent simultaneous fit to all data sets at both temperatures does not show any distinguishable differences in the refined model parameters, confirming the absence of systematical errors in the data sets taken at different temperatures.
The refined parameters for the Tϭ10 K measurements are given in Table III . The formation of a multidomain state is again implied by the decrease in the value of M /M S . The magnetic configurations determined by PNR are shown in the insets of Fig. 3 and indicate a coherent rotation of the magnetizations from parallel alignment at saturation to perpendicular alignment at remanence. The markers in Fig. 3 indicate the Kerr rotation calculated from the PNR results by Eq. ͑6͒ and agree well with the results found by MOKE. The presence of a 90°coupling of the Fe layers at remanence confirms the strong increase of the biquadratic coupling with decreasing temperature that was postulated in Ref. 8 .
V. CONCLUSIONS
We have systematically studied the magnetization reversal in an exchange coupled Fe/Si/Fe͑001͒ sandwich by combining information from PNR, GIXR, and MOKE. Roomtemperature MOKE loops show a distinct steplike behavior that is indicative for the presence of interlayer coupling. In certain field ranges, the PNR results show an orthogonal arrangement of the magnetizations that is due to a significant biquadratic contribution to the total magnetic energy. The antiparallel magnetic alignment at remanence shows that the dominant coupling at room temperature is bilinear. At T ϭ10 K, the PNR analysis indicates an orthogonal remanent magnetic configuration that becomes parallel at saturation through a coherent rotation of the magnetizations, demonstrating the dominance of the biquadratic coupling at low temperatures.
